A major application of three-dimensional (3D) computed tomography (CT) is in the imaging of the skeleton. 3D CT has a potentially important role in determining the presence, type, and extent of fractures, especially of the calcaneus and pelvis. The objective of this study was to compare the diagnostic sensitivity and specificity of 3D CT, CT slices, and plain radiography in the detection and characterization of calcaneal and pelvic fractures. 3D CT reconstructions were obtained by two methods, surface reconstruction and volumetric techniques. Twenty-eight patients were imaged with CT, 3D CT, and plain radiography. The opinion of a musculoskeletal radiologist with access to all images plus clinical history, surgical findings, and follow-up findings was taken as truth. Four additional musculoskeletal radiologists read these cases in a blinded fashion and ranked the modalities with regard to perceived utility. Receiver operating characteristic analysis was used to determine the relative value of each modality in terms of diagnostic quality. AII imaging modalities performed comparably in the diagnosis of fractures. CT slices and plain-films were the most useful for more difficult diagnostic tasks such as fracture stability, and the presence of comminution and estimation of the number of fragments. The results suggest that for skeletal areas with complicated anatomy (such as the pelvis and calcaneus), the diagnostic value of 3D CT is often equivalent to that of conventional methods.
N AREAS OF complicated skeletal anatomy such as the pelvis and calcaneus, plain-film radiographs are often of limited diagnostic value because complex three-dimensional (3D) anatomy is compressed into the two dimensions of plain ¡ Computed tomography (CT) scanning partially overcomes this limitation by representing complex 3D anatomy with a series of two-dimensional (2D) slices. The number, complexity, and redundancy of these slices can, however, be an obstacle to complete understanding of skeletal anatomy and pathology. Integration of high-resolution axial CT data into 3D images is often preferable to mental integration of 2D images. It improves information transmission to other physicians, and may enhance radiographic diagnosis. 1-4 Unfortunately, most of the 3D studies that have been reported on the relative performance of plain films, CT scans, and the various 3D reconstructions for diagnosing fractures of complex anatomical structures have been anecdotal. Our objective was to compare these imaging modalities with regard to their value in the diagnosis of fractures of the pelvis and calcaneus.
MATERIALS AND METHODS

Patient Population
We studied calcaneal and pelvic fractures in adults. The details of the sample are shown in Table 1 . Nineteen calcanei were studied in 11 individuals with suspected or overt calcaneal fractures. Thirty-three hemi-pelves with known or suspected fractures were studied in 17 patients. These patients were identified by retrospective analysis of CT scanning logs at the Mallinckrodt Institute of Radiology.
Cases where contiguous slices were obtained through the pelvis and calcaneous, and espeeially where both sides (injured and uninjured) were included, were given preference. There was bias toward more complex cases because the CT scans had been requested preoperatively, to determine operative approach, procedure selection, of conservative treatment. Fifteen of the pelvic fractures were displaced and 18 were comminuted; 8 of the calcaneal fractures were displaced and 10 comminuted.
Imaging
Plain films were available for most cases. The images included anterior-posterior (AP) pelvis and frog-leg lateral views (if available) of the hips (Fig lA) , and lateral and tangential (Harris) views of the calcaneus (Fig 4A) . The radiographs were seleeted to be as near to time of injury as possible.
CT scans were available for all cases. For most examinations, 4 mm slices were taken contiguously through the pelvis or calcaneus at 2 mm intervals (Figs 1B, 2B). For a 144 VANNIER ET AL 
3D CT Reconstructions
3D reconstruction of CI" scans may be performed by several methods, including depth coding, surface shading, and volumetric techniques. Depth coded images are displayed so that features that are nearest to the observer are lighter and those more distant are darker (Figs 2A, 3A, 5A ). This type of 3D reconstruction was one of the earliest and simplest methods used. 5 3D depth is still used for mathematical modelling, in calculating areas and volumes, but seldom for display.
Shading techniques provide a better display of surface details, especially those based on computation of the surface gradient. 6 Using the computed surface gradient map, one may achieve a very detailed surface display ( Figs  2B, 3B , 5B). Often, the gradient map is combined with a depth coded image to give a more realistic and complete appearance.
Recently, volumetric techniques that modela data volume as a semitransparent gel have emerged. Volumetric techniques do not explicitly detect surfaces, but simply sum the incremental contribution of each voxel along rays projected in a desired direction to forro 3D views 7 (Figs 2C, 3C, 5C). The principal advantages ascribed to 3D volume images include the ability to visualize subsurface details and retention of small thin structures such as bone and nondisplaced fractures.
Both shaded surface and volume 3D views 27 were obtained with a PICS-2000 prototype (Philips Medical Systems Inc, Shelton, CT) that incorporates an advanced computer graphics processor unit (Pixar Image Computers, San Rafael, CA), integrated with ah applications-oriented medical user's interface running on a Sun 3/180 engineering workstation. The system was configured with a prototype software system intended for 3D osseous and soft tissue imaging called the musculoskeletal package, or MSP.
Depth coded images were produced with software that operates on the scanners that were used in the CT examinations. All 3D CT images were reconstructed as AP, right and left (R&L) lateral (LAT), R&L midsagittal, rear, top, and bottom views. These were recorded on gray scale at a 4 on 1 format on 8 x 10 in sheets of Kodak GTB film with a Matrix Instruments Mode14007 multiformat camera.
EXPERIMENTAL PROCEDURE
Truth was established by a musculoskeletal radiologist (L. Gilula) who reviewed all images, clinical histories, and follow-up examinations. In many of the cases the follow-up exams included plain-films that could be used to confirm diagnoses, through callus formation at questionable nondisplaced sites in particular. The individual who established truth did not participate in the rating and ranking tests that were used to assess diagnostic performance. The observers who ranked and rated images were all experienced radiologists from the Musculoskeletal Radiology Section of the Mallinckrodt Institute of Radiology. For presentation to the observers, all patient information and the date of imaging were masked with black photographer's tape. The cases were identified only with a number assigned sequentially in the course of copying and archiving for the experiments.
First, shaded and volumetric 3D reconstructions were rank ordered by the observers. Selected cases were presented and each observer asked separately which set of images (shaded or volumetric) appeared to be of the most value for diagnosis of fractures. Depth coded 3D surface reconstruction were found to be inferior to other 3D techniques for diagnosis of sutural synostosis in an earlier study, 8' 9 so we did not include 3D depth images in the ranking experiment.
The rating study was performed using all imaging modalities. Films for each modality were loaded onto a rotating viewer with fluorescent illumination and rated response forms provided to each observer for each case reviewed. Rated responses were on a 5-point scale that varied from "1" (definitely or almost definitely a fracture) to "5" (definitely or almost definitely no fracture).
ANALYSES
ROC curves m6 and areas beneath the curves (Al -~9) were calculated with the ROCFIT program, 2~ using data pooled from all observers; that is, each rating by each observer was counted asa separate case) 2 Data were pooled because of the small sample sizes and because the data were degenerate in some instances. 2t'22 The degeneracy was caused by consistently high levels of certainty in the observers' responses, both correct and incorrect, which resulted in the fitted curves becoming vertical of horizontal at some false positive fraction. By pooling the responses from all observers, the problem with degenerate data was partially overcome. In addition, to more fully compare the diagnostic values of the imaging modalities in cases with degenerate data, sensitivity (TP/(TP + FN)), specificity (TN/(FP + TN)), and accuracy (TP + TN)/(TP + TN + FP + FN) (where T = true, F = false, P = positive, and N = negative) were calculated.
Frequency distributions were used to display observer responses for the number of fragments in comminuted fractures. Patients were divided into groups on the basis of the true number of fragments and the frequency of observer responses for each fragment-number category (1, 2, 3, 4, 5-10, 10-15, 15+) calculated for each group. Again, data were pooled for all observers, in this case because the sample size had been substantially reduced by restricting data to subgroups of comminuted fractures based on the number of fragments.
RESULTS
Rankings of perceived diagnostic value were quite different for pelvic and calcaneal fractutes. The observers ranked 3D volume and 3D shaded images nearly equal in subjective diagnostic utility for images of the calcaneus (Fig  6A) , but overwhelmingly preferred 3D volume images for diagnosing pelvic fractures (Fig 6B) .
These patterns were not repeated in the ROC analyses of diagnostic utility. For diagnosing presence or absence of a fracture of the calcaneus, 3D shaded was superior to 3D volume (Table 2, Figure 7A ), in contrast to their nearly equal subjective rankings. For fractures of the pelvis, 3D shaded and 3D volume images were objectively equal (Table 3 , Fig 7B) for diagnosis, in contrast to the subjective preference for 3D volume.
AII imaging modalities were nearly equivalent for diagnosing the presence or absence of a fracture of both the pelvis and the calcaneus (Fig 7, Tables 2, 3 ). All areas under the ROC curves were within 10% of the best onc.
The clearest differences between modalities is in the shape of the ROC curves. In particular, the sharpness of the curve in the transition from vertical to horizontal is strongly controlled by the "confidence" of the observer, as expressed in the number of "definite" ("definitely of almost de¡ a fracture" or "definitely or almost de¡ no fracture") responses. CT slice and plain-¡ have distinct "corners" joining the nearly vertical and horizontal lines produced by consistently de¡ responses. To make a meaningful distinction between the diagnostic utility of the various imaging modalities, a number of more difficult diagnostic tasks were examined. These included (1) 
comminution, and (4) number of fragments in a comminuted fracture. Because the numbers of responses for these tests were limited to correctly identi¡ fractures, analyses were restricted to pelvic images, for which the number of patients was greatest. Plain-film images were markedly superior for diagnosis of fracture stability (Table 4 , Fig 8A) , followed by CT slice, 3D volume and 3D shaded (which were equal in utility), and 3D depth that markedly was inferior to the rest. CT slice and plain-¡ were equal, and best, for diagnosing an intraarticular component to a fracture (Table 4, Fig 8B) . These modalities were closely followed by 3D volume and 3D shaded, also equal, and 3D depth that was again markedly inferior to other modalities. No imaging modality was consistently in agreement with "truth" for the identi¡ of bone fragments in the joint space (Table 4 , Fig 8C) . If one considers false-positive fractions of less than 0.2, none of the modalities perform much better than would be expected by chance. CT slice and plain-film were again nearly tied for best, though they were followed very closely by 3D shaded. 3D depth and 3D volume were tied and markedly inferior to the rest.
CT slice was best for identifying comminution, followed by plain-film (Table 4 , Fig 8D) . 3D shaded and 3D depth were tied and inferior, with 3D volume having the least diagnostic value. Overall, none of the modalities performed well in the diagnosis of comminution. Even CT slice and plain-film, which performed best, had specificities of only 33% and 67%, respectively. When observers correctly identified a comminuted fracture, imaging modalities differed in their usefulness for determining the number of fragments (Fig 9) . Plain-film appeared to be best when there were fewer than five fragments, and CT slice best with more than five. Observers consistently underestimated the number of fragments when using 3D shaded images and were inconsistent when using 3D depth and volume.
In general, statistical tests for significances were of limited value because of small sample sizes and low power, with the accompanying high likelihood for committing Type I and Type II errors. Moreover, the results revealed no clear patterns so tests were not needed for hypotheses of differences.
DISCUSSlON
No objective, comparative diagnostic evaluation of diagnostic imaging methods for pelvic and calcaneal fractures has been reported. This study was performed to assess the relative value of plain-films, CT slices and 3D CT reconstruction images for fracture diagnosis.
These results show all imaging modalities to be highly capable at identifying presence/ absence of a fracture, and CT slice and plainfilm most useful for more difficult diagnostic tasks such as fracture stability, the presence of comminution, and estimation of the number of fragments. Of the 3D reconstructions, shaded and volume rendering appear markedly superior to depth, with shaded having a slight advantage over volume when all tests are considered.
The superiority of plain-film and CT slice may be due, to some degree, to familiarity, as 3D reconstructions were new to some of the observers. This familiarity may also have resulted in high levels of observer confidence that in turn caused the sharp "corners" on many of the CT slice and plain-film ROC curves.
Another possible explanation for the seeming superiority of plain-film and CT slice for diagnosis is that the radiologist responsible for determining "truth" reported that his subjective impression was that he gave most weight to these modalities in his decision. The good performance of plain-film and CT slice may therefore be simply a reflection of agreement between the observers and the investigator who established truth, and not an indication of diagnostic preeminence.
Among the most interesting results of this study is the great disparity between the subjective rankings of images and the objective ROC evaluations of diagnostic utility. For pelves, observers overwhelmingly preferred 3D volume to 3D shaded images, but their actual diagnostic performance was slightly better with 3D shaded. For calcaneal fractures, observers slightly preferred 3D volume images, whereas their performance was markedly better with 3D shaded. Perhaps the "transparent" impression of 3D volume mimics the more familiar plain-films and imparts some of the confidence associated with their use.
In addition, it is worth noting that diagnosis is not the only use for body imaging. It can play an important role in treatment planning and assessment as well, especially when surgery is required. It may well be that 3D reconstructions, of which shaded and volume are the best for diagnosis, are more useful than conventional imaging modalities when one considers the ease with which information can be transmitted from the radiologist to the surgeon. In addition, the surgeon may be better able to plan surgery based on images that closely resemble what will be seen in the operating room, rather than on images (CT slices) that he or she must mentally reformat in his or her mind, or those (plain films) from which he or she must extrapolate 3D anatomy.'
LIMITATIONS
Truth was based primarily on analysis of images. This may have played a role in the good performance of plain-film and CT slices. This methodologic bias could be overcome by creating fractures under controlled conditions in fresh cadavers, radiographing the fracture sites, and basing truth on prosecting and defleshing of the cadavers.
Moreover, this study was retrospective in nature, and the patients were not examined under strict protocol conditions with identical imaging techniques used in every case. The order in which examinations were administered was nonrandom. The sample size was small with an over-representation of abnormals. The quality of examinations, especially for the 3D reconstructions, was nonuniform due to the improvements in this technology that have taken place over the past 5 years.
We presented only monochrome, static selected views, and especially for 3D reconstructions, there may be significant advantages for color display and dynamic rotations. This remains to be evaluated in future studies. 151 Finally, all observers were very experienced with plain-film radiography and conventional slice-type CT scanning, and incremental improvement available with other modalities may be masked, to some extent, by observer learning.
CONCLUSIONS
All modalities performed comparably for the identification of fractures. For more difficult diagnostic tasks such as the determinations of (1) stability, (2) fragment presence or absence in the joint space, (3) comminution, and (4) the number of fragments, plain-film and CT slice were generally superior to other techniques. 3D shaded was the most useful of the 3D reconstruction techniques, but only slightly superior to 3D volume.
The objective results for the 3D modalities were opposite to the subjective rankings of volumetric and shaded 3D images based upon perceived diagnostic value. For subjective rankings, observers expressed a marked preference for volumetric images.
Because of the small sample size and problematic considerations in the establishment of truth, the above conclusions are tentative. Considering the seemingly comparable value of 3D reconstructions to traditional imaging modalities for the diagnosis of fractures of complex anatomical structures, the ability of 3D reconstructions to convey information on complex anatomy from the radiologist to the clinician, and the similarity of 3D reconstructions to what is seen by the surgeon in the operating room, a full study of the utility of 3D CT in the diagnosis of fractures is warranted.
